Using the δ -shell representation we present a successful fit to neutron-proton and proton-proton scattering data below pion production threshold. A detailed overview of the theory necessary to calculate observables with this potential is presented. A new data selection process is used to obtain the largest mutually consistent data base. The analysis includes data within the years 1950 to 2013. Using 46 parameters we obtain χ 2 /N data = 1.04 with N data = 6713 including normalization data. Phase shifts with error bars are provided.
I. INTRODUCTION
The determination of the nucleon-nucleon (NN) interaction has played a central role in nuclear physics [1] . So far, the only direct way to determine the interaction from first principles and in terms of the underlying quark and gluon degrees of freedom is by means of lattice QCD calculations which will eventually come to realistic scenarios (see e.g. [2, 3] and references therein). The traditional alternative to those incipient calculations is to determine a phenomenological interaction from a partial wave analysis (PWA) of the highly abundant (about 8000) scattering data. Equally important and helpful should be a credible determination of theoretical uncertainties in the interaction and its propagation to nuclear structure calculations, an aspect that applies both to lattice QCD and PWA. The necessary condition to carry out such a program is to achieve in any case a chi square per degree of freedom χ 2 /d.o.f 1 description of all available NN data when confronted either with the predictions of the lattice QCD or the fitted phenomenological interaction. Before 1990 all fits determining phenomenological potentials which were routinely used in nuclear structure calculations did not lower the value χ 2 /d.o.f ∼ 2 (for a historic account see e.g. [1] ). According to well known statistical principles this prevents to estimate the errors due to statistical fluctuations of the data. Only in the mid 90's was it possible to provide high quality fits to np and pp scattering data with χ 2 /d.o.f. 1 mainly due to i) the scrupulous inclusion of charge-dependence (CD) including vacuum polarization, relativistic corrections, magnetic moment interactions, among other effects and ii) a sound rejection criterium of 3σ -inconsistent data with the validating NN interaction. Along these lines several parameterizations have * Supported by Spanish DGI (grant FIS2011-24149) and Junta de Andalucía (grant FQM225). R.N.P. is supported by a Mexican CONACYT grant. † rnavarrop@ugr.es ‡ amaro@ugr.es § earriola@ugr.es been proposed to describe a continuously increasing database of np and pp experimental scattering data bellow pion production threshold [4] [5] [6] [7] [8] and even to energies as high as 3 GeV for pp and 1.3 GeV for np [9] (in this latter case all data are included in the analysis and χ 2 /d.o.f. ∼ 1.6). In reference [10] we presented a δ -shell potential fitted to pseudo-data that consisted of the mean and standard deviation of the np phasehifts given by the Nijmegen PWA [4] and six other potentials with χ 2 /d.o.f. 1 [5] [6] [7] [8] and obtained an estimate of the systematic uncertainties of the NN interaction. A new PWA to pp and np data including experiments till 2013 was presented in [11] from which statistical uncertainties were extracted. Here we present the details of that work, paying special atention to the fitting procedure and the data selection process.
We note that with the total NN database, comprising about 8000 scattering data, none of the available post-1993 analyses yields an acceptable fit, i.e. χ 2 /dof 1, by itself to their contemporary complete data base (for a discussion about the pre-1993 situation see e.g. [12] ). A dedicated look at the data base shows that there are experiments which measure several observables in quite similar and/or overlapping kinematical conditions. However, a closer inspection reveals that certain data are mutually incompatible within statistical errors. Clearly, this implies that at least one data set is incorrect. Of course, the possibility of several data sets being incorrect should not be discarded a priori. The key question is which data or data set should be kept and which ones should be rejected. All analysis carried out so far approach this issue from the point of view of the tension between the data and the model used to analyze them. This obviously introduces a biass in the choice of the database, which can be included as a source of systematic errors. The Nijmegen group fixed the data base from that point of view in 1993 [4] and the high quality phenomenological NijmI, NijmII, Reid93 and AV18 potentials developped thereafter [5, 6] use the same selected data to perform the analysis. The CD-Bonn potential analysis [7] kept the same accepted data base and applied the 3σ criterion for the new pp and np data published between 1993 and 1999 but the possible tension between pre-and post-1993 data was not considered. The covariant spectator model was used to analyze np scattering data [8] resulting in a new selection of compatible data.
Following an interesting suggestion made by Gross and Stadler [8] proposing a refined 3σ -criterion, in this work we analyze the tension among each pair of data sets of experiments performed and published from 1950 till 2013. As a consequence, a large fraction of otherwise rejected data is rescued with a statistical significance and in a model independent way. Although we use a specific representation of the unknown part of the interaction, if an unbiassed analysis is carried out, all errors should be of purely statistical origin and the particular representation should not play any role. In this regard, our motivation to upgrade the PWA in a statistical meaningfull fashion was the realization [13, 14] that discrepancies among different high quality fits were larger than the declared statistical uncertainties.
The paper is organized as follows, section II defines the potential, as well as the parametrization of the short and intermediate range parts by the δ -shell representation and the expressions that describe the long range part. In section III the fitting procedure is laid out. Special attention is given to review the on-shell scattering amplitude computaion, especially the electro-magnetic part, which appears scattered in several publications and we collect here for the benefit of the unfamiliarized readers. Section IV details the improved selection data criterion to obtain the largest database without incompatible data. Extensive tables of accepted and rejected data are also given. Section V presents the results and includes a table of the fitted parameters in the operator basis. After error propagation with the pertinent correlations as encoded in the standard covariance matrix is made, we also provide the low angular momentum partial waves phase shifts with statistical errors. Conclusions and outlook for further implementations of the δ -shell potential are given in section VI. Finally the appendix includes expresions that relate our fitting parameters with parameters in the AV14 operator basis and details for integrating the Schroödinger equation with a δ -shell potential both with central and tensor terms.
II. DESCRIPTION OF THE POTENTIAL
For our purposes the NN interaction can be decomposed into different known pieces featuring understood physical effects and unknown contributions which are constrained with the help of the currently existing data. In this paper we only considered published np and pp scattering data. To this end many possible functional forms have been proposed. In our previous works [14, 15] we have motivated the use of the δ -shell representation, V DS (r), which was first introduced in the NN context by Aviles in 1973 [16] . It consists of a sum of N Dirac delta functions, each one centered around a concentration radius r i and multiplied by a strength coefficient V i
The computational advantages of this representation in nuclear structure calculations and uncertainty estimation have already been stressed [11, 14, 15] . Using this representation it is posible to accurately describe the short and intermediate range part of the nucleon-nucleon interaction by fixing the distance between concentration radii at ∆r = r i+1 − r i = 0.6 fm and determining the strength coefficients by a fit to scattering data below pion production threshold [11] . The long range part consists of the well known charge dependent one pion exchange (OPE) potential and electromagnetic (EM) interactions. In its complete form the potential reads
where O n are a set of operators. The first eighteen operators correspond to the ones used on the AV18 potential [6] , the remaining three new operators incorporate further charge dependence and are defined in Appendix A 1 . The distinction between intermediate and long range is made explicit by the cut-off radius r c , which turns out to be 3.0 fm since the interaction above that distance is correctly described by OPE and EM terms only with no finite size effects. Smaller values of r c were also considered but did not come out as optimal. Even though the strength coefficients V i,n can be fitted directly to the data, the partial wave decomposition of the potential
where µ αβ is the reduced mass with α, β = n, p, allows to directly incorporate charge dependence in the 1 S 0 parameters. strength coefficients in the operator basis can be written as a linear combination of the λ i coefficients of low angular momentum partial waves as is shown in the appendix A. In practice the potential can be parameterized by using only fifteen independent partial waves, therefore only fifteen operators will have independent strength coefficientes, the rest will be either fixed to zero or will be linearly dependent on other operators coefficients. A good reason to use the lowest partial wave coefficients as primary fitting parameters is that correlations among different partial waves turn out to be much smaller than the correlations between the operator coefficients. Note that we are just making a change of basis, but the coefficients of the higher partial waves are calculated by constructing the complete potential and decomposing it into the corresponding partial waves (see appendix A). The resulting partial wave coeeficients were displayed in our previous work [11] . Here we will show the equivalent results for the operator coefficients (see Table VI below). The charge dependent OPE potential in the long range part of the interaction is the same as the one used by the Nijmegen group on their 1993 partial wave analisys [4] and reads
being f the pion coupling constant, σ 1 and σ 2 the single nucelon Pauli matrices, S 1,2 the tensor operator, Y m (r) and T m (r) the usual Yukawa and tensor functions,
Charge dependence is introduced by the difference between the charged m π ± and neutral m π 0 pion mass by setting
The neutron-proton electromagnetic potential includes only a magnetic moment interaction
where µ n and µ p are the nuetron and proton magnetic moments, M n the neutron mass, M p the proton one and L·S is the spin orbit operator. The EM terms in the proton-proton channel include one and two photon exchange, vacuum polarization and magnetic moment,
where
Note that these potentials are only used above r c = 3fm and thus form factors accounting for the finite size of the nucleon can be set to one. Energy dependence is present through the parameter
where k is the center of mass momentum and α the fine structure constant. Table I lists the values used for the fundamental constants in this work's calculations. Even though the contribution of all non Coulomb electromagnetic terms to the non central partial wave phaseshifts is rather small when compared to the V C1 and V OPE ones, their inclusion is crucial to accurately describe the scattering amplitude. Also the vacuum polarization contribution is needed for the proper calculation of low energy observables. For these reasons, in this work the potential in the 1 S 0 partial wave includes all EM terms listed previously, while the rest has only the V C1 one. Still, the electromagnetic scattering amplitude is constructed with all terms explicitly, as is shown below. The Coulomb effects in the short range part of the interaction are included by a coarse grained representation, instead of simply extending V C1 bellow r c , in order to keep the advantage of having only a few interaction radii r i in that region. This coarse graining is obtained by looking for a δ -shell represention of the interaction, i.e.V C1 (r) = ∑ n V C i ∆r i δ (r − r i ) + θ (r − r c )V C1 (r), where the V C i are determined by reproducing the Coulomb scattering amplitude to high-precision and are not changed in the fitting process. The first line of table VI shows the corresponding δ -shell parameters V C i .
III. FITTING PROCEDURE
The determination of the V i,n coefficients in Eq. (2) is made through a partial wave decomposition of the potential to calculate observables and reproduce experimental data. Our fitting procedure consists of using the (λ i ) JS l,l ′ parameters to calculate partial wave phaseshifts, summing those phaseshifts to obtain the scattering amplitude M, extracting observables from M, comparing observables with experimental data by a merit function and minimizing such function with respect of the fitting parameters. In theory such a procedure requires a sum of an infinite number of partial waves in the complete scattering amplitude, but all high angular momentum partial waves in the potential can be written as linear combinations of the low angular momentum ones by means of the relation between the later and the operator basis (see App. A). This allows to use only a few (λ i ) JS l,l ′ coefficients as independent fitting parameters. Also, the phase shifts of very high angular momentum partial waves are mostly determined by the long range part of the interaction and their contribution to the scattering amplitude is limited by the centrifugal barrier, therefore in practice a limited number of partial waves is needed and summing up to J max = 20 proofs sufficiently accurate to compute the strong scattering amplitude below pion production threshold.
Phase shifts are calculated by integrating Schrödinger's equation, the details of such calculation with the δ -shell potential are given in App. B. The next subsection reproduces and outlines the expresions necessary to calculate the nuclear and electro-magnetic scattering amplitudes. Reference [17] has an exhaustive list of observables that can be extracted from different parametrizations of M. The calculation of the merit function χ 2 is explained in subsection III B, special attention is given to the treatment of systematic uncertainties from the experimental data.
In any fit we have always constrained the potential to reproduce the deuteron binding energy to its experimental value B = 2.224575(9) MeV as well as the np 1 S 0 scattering length to α1 S 0 = −23.74(2) fm.
A. Scattering Amplitude
The on-shell scattering amplitude M can be expressed in terms of five complex quantities, several parametrizations exist for this porpuse and for definiteness we choose the wolfenstein parameters where
where l, m, n are three unitary orthogonal vectors along the directions of k f + k i , k f − k i and k i ∧ k f and k f , k i are the final and initial relative nucleon momenta respectively. The parameters a, m, g, h, c depend on the scattering angle θ and k, also any scattering observable in our database can be written in terms of them [17, 18] . The partial wave decomposition of the M s m ′ s ,m s matrix elements due to a certain interaction is
where 
with ε J the mixing angle. The scattering amplitude has a contribution for every term considered in the potential, this allows to separate M in a part due to the nuclear interaction and another coming from the EM terms,
The pp and np electro magnetic amplitudes read
Given the finite range nature of the nuclear interaction, M N has a fast convergence when summing over partial waves and allows a rapid calculation every time the fitting parameters are varied during the fitting procedure. Meanwhile, the M EM part of a pp scattering has a slow convergence due to the interplay among different long range contributions. Actually, M C2 and M MM,pp require sumations up to l = 1000. Fortunately, since M EM does not depend on the fitting parameters it only has to be calculated once and stored.
The expresions to calculate every part of the pp electromagnetic scattering amplitude are well known [4, 19, 20] and we reproduce them here for completeness. The Coulomb scattering amplitude is given by
where P l (θ ) are the Legendre polynomials, η = α ′ M p /(2k), and the Coulomb phaseshifts are calculated with σ l = arg Γ(l + 1 + iη).
Since the two photon exchange potential V C2 has a 1/r 2 dependence it can be absorved into the centrifugal barrier of the radial Shcrönger's equation and the later is solved analytically using Coulomb wave functions of noninteger l. This procedure leads to the V C2 phasesifts
where λ is obtained by solving λ (λ − 1) = l(l + 1) − αα ′ . Now the amplitude can be calculated with
A similar expresion as the one in equation (22) describes the vacumm polarization scatering amplitude replacing the ρ l phashifts for the VP ones, which are usually denoted by τ l .
Since the values for τ l are rather small, even for large values of k and l, the approximation
is a good starting point to calculate f VP,k as it can be expanded by a series in powers of η where
VP + . . . The leading order is obtained using the first Born aproximation and expressed as
. The real part of the subleading order term can be computed with
and a good approximation for the corresponding imaginary part is
Im f
An expansion up to this order has been found to be accurate enough to describe f VP,k for the energy range discussed in this work. 
where X = C1, C2, VP. For the magnetic moment pp amplitude it is necessary to calculate the partial wave K matrix which is defined by S −1 = 2iK(1 − iK) −1 . Since V MM,pp is proportional to the spin-orbit and tensor operator there is no contribution to the spin singlet channel and (K MM,pp ) J,0 l,l = 0, the spin triplet channel elements are given by
where f T and f LS are the coefficients of the tensor and spinorbit operators in the potential, i.e.
the I l,l ′ terms are integrals of the 1/r 3 dependence with Coulomb wave functions and are given by
,
In principle the set of equations in (29) allows to calculate S MM,pp and use the later to obtain the M MM,pp matrix elements via the partial wave decomposition of eq. (15), unfortunately the numerical effort to reach convergence by summing over J, l and l ′ is too big to be practical. Using the approximation S MM,pp − 1 ≈ 2iK MM,pp gives rise to a contribution
to the M 1 1,0 matrix element and the same with a minus sign to the M 1 0,1 one. Fortunately, this series can be calculated analytically with
The use of this result significantly improves the convergence rate of M MM,pp .
The neutron-proton EM amplitude can be expressed in terms of the Wolfenstein-like parameters a, b, c, d, e [20] [21] [22] usually known as the Saclay parameters, and we reproduce this result for completeness as well:
where s and t are the Mandelstam invariants [23] and can be calculated by
. F 1 and F 2 are the Dirac and Pauli form factors, which on the point-particle approximation read
The transformation between the Wolfensetein and Saclay parametrizations can be found in [17] . One important remark has to be made about the S matrix and the phase-shifts that describe it. The nuclear phaseshifts presented in this work are extracted with respect to the EM wave functions, as this is also the case for the many other phase-shift analysis and potentials in the literature [4, [6] [7] [8] [9] 11] . For this reason, in the pp channel the S N matrix in equation (15) one has to make the replacement
The np channel has a similar correction due to the magnetic moment potential but its contribution is rather small and given the larger uncertainties of the data the effect is not statistically significant, therefore we do not include it in our calculations. Also, it should be noted that the ρ l and τ l phaseshifts, as well as the K matrix elements of equation (29) , are calculated with respect to the Coulomb wave functions, which gives rise to the e 2i(σ l −σ 0 ) term in equations (22) , (23) and (32) .
B. Calculation and minimization of the merit function χ 2 With the scattering amplitude described by the Wolfenstein parameters it is possible to calculate observables for any scattering angle θ and center of mass momentum k, calculate a chi square merit function χ 2 to asses the ability of the δ -shell potential to reproduce the experimental data in our database, and adjust the (λ ) JS l,l ′ parameters by a least squares fitting to minimize χ 2 . The data are grouped by experiments and most of those measure an observable at a single laboratory frame energy E LAB at different scattering angles, only a few of them are measured at a fixed angle for different values of E LAB and the total cross section experiments include measurements also at different laboratory energies since there is no scattering angle involved.
Every experimental data set can be subject to a known and common systematic uncertainty (normalized data), an arbitrarily large systematic uncertainty (floated data) or no systematic uncertainty at all (absolute data), this is recorded by the experimentalist everytime a set of measurements is made. In all three cases the merit function χ 2 t of a single data set is given by
where o i and δ o i are the experimental value of and observable and the corresponding statistical uncertainty at point i, t i the theoretical value, δ sys the systematic uncertainty of the experiment and Z is a scaling factor. The last term in equation (37) is usually denoted as χ 2 sys . Absolute data have δ sys = 0 and are not scaled (Z = 1). The correct value of Z for normalized and floated data is obtained by minimizing χ 2 t with respect to Z, this leads to
where the k, θ and λ dependence has been omitted. Since floated data have an arbitrarily large and common systematic uncertainty, this type of data use equation (38) with δ sys = ∞ so χ 2 sys = 0. For normalized data the value of δ sys is given by experimentalists, in most cases Z = 1, therefore χ 2 sys = 0 and the normalization is counted as an extra data point. In some normalized data sets the systematic uncertainty can give a rather large contribution to χ 2 t , probably due to a underestimation of δ sys . To correct for this understimation, if a data set has χ 2 sys > 9 we float this data and no extra normalization data is counted, this is in line with the 3σ criterion which will be explained bellow . Finally, the total χ 2 is simply the sum of χ 2 t of every np and pp data set.
To minimize the merit function χ 2 with respect to the fitting parameters (λ ) JS l,l ′ we use the Levenberg-Marquardt method. This method requires the calculation of derivatives of every calculated observable t i with respect to all the fitting parameters to construct an approximation to the Hessian Matrix
This matrix is used to calculate the optimal change in parameters to reduce the number of steps needed to minimize χ 2 . Once a minimum has been found, inversion of the α matrix gives the usual covariance matrix of the fitting parameters. An advantage of the δ -shell potential is that the derivatives in equation (39) can be computed analytically and simultaneously with the corresponding observable. This approach greatly reduces the numerical effort needed to minimize χ 2 . Moreover, it also sidesteps the large inaccuracies trigered by a determination of the covariance matrix using a numerical evaluation of second derivatives and crossed derivatives at the minimum for a function with 46 parameters (we easily found non positive covariance matrices in this way). Details of the numerical algorithm can be found in [24] .
IV. SELECTION OF DATA
Our database contains a total of 2972 pp and 4737 np published scattering data up to the year 2013 with E LAB ≤ 350MeV. Unfortunately there seems to be mutually incompatible data, most likely due to under and overestimations of statistical and systematic uncertainties from the experimental side. A clear example of this inconsistencies, at backward angles in this case, are the two data sets of np diferential cross section at 162 MeV [25, 26] plotted in the bottom right panel of Fig. 1 for illustration purposes. To deal with these inconsistencies we improve the 3σ criterion introduced in this context by the Nijmegen group in their 1993 partial wave analysis [4] which became an essential tenet of their success and the subsequent high quality fits following thereafter [5] [6] [7] [8] . This criterion discards mutually incompatible data, but has the unwanted side effect of eventually preventing a fraction of the data to contribute positively to the final fit. This is so because no distinction is made between mutually incompatible data sets in similar kinematical conditions and which of them, if any, are actually incompatible with the remaining data in different kinematical conditions as encoded in the phenomenological parameterization which intertwines all kinematical regions below pion production threshold. We propose below an extended self-consistent 3σ criterion which actually differenciates both situations.
Firstly, let us explain the traditional 3σ criterion used so far in the literature claiming a final χ 2 /d.o.f. 1. For a set of n measurements with a Gaussian distribution, the quantity z ≡ χ 2 /n will satisfy the normalized probability distribution
According to the 3σ criterion a data set is considered inconsistent with the rest of the database (More specifically, a phenomenological model representing such database is meant in practice), if z has a probability smaller than a 0.27%. In most cases a data set will have a highly improbable z value if the statistical errors are either underestimated (z will be very high) or overestimated (z will be very low), then for every n there is a interval between z min and z max of allowed values of z. Such endpoints are defined by
The decision to float data with χ 2 sys > 9 is a consequence of applying the 3σ criterion with n = 1 to the normalization data.
Our selection process aims to obtain the largest possible database that contains only consistent data with each other. To be able to compare a single data set with the rest it is necessary to have a model describing all of the available data as accurately as possible. Therefore, we start by fitting our δ -shell potential to the complete database with N = 2972| pp,exp + 159| pp,norm + 4737| np,exp + 259| np,norm = 3131| pp + 4993| np and obtain χ 2 = 3543.74| pp + 8390.27| np wich yields χ 2 /d.o.f. = 1.48. This larger than one value was expected since we know that mutually incompatible experimental data are present. A comparison of the two np differential cross section experiments at 162MeV with this initial fit is shown on the top left pannel in Fig. 1 . Note that at angles where the error bars do not overlap, the model gives an "in the middle" solution where the sum of both contributions to χ 2 is minimized. Now every data set can be tested using the 3σ criterion and compared with the rest of the database via the first fit (in this case both BO78 [25] and RA98 [26] have z > z max ). Every data set failing to satisfy z min ≤ z ≤ z max is excluded and the remaining N = 3008| pp + 3438| np data make what we call the initial and mutually consistent database. By construction, this is a very close approximation to the minimal mutually consistent data base. A second fit is then performed, this time to these initial and mutually compatible data only, and χ 2 = 3061.97| pp + 3634.34 is obtained, which yields χ 2 /d.o.f. = 1.05. At this point the standard 3σ criterion stops. However, looking at the top right pannel of Fig. 1 where the same experimental data are compared to the second fit, one can notice that the theoretical model is now closer to the RA98 [26] values even though the latter played no role in the determination of the fitting parameters. It is fair then to ask if the discarded RA98 [26] data, or any other of the initially rejected sets, is compatible with the initial and mutually consistent data base.
To analyze this point, we apply anew the 3σ criterion to all of the data sets using the second fit. We find that this time z RA98 > z max , while z BO78 < z max instead; this initially discarded BO78 [25] data set is now recovered along with a total of 269 data and the parameters can be refitted again. This particular example shows the potential good features of the Gross and Stadler proposal [8] .
Therefore, we apply this improved 3σ criterion systematically to the full data base in a self consistent manner. Namely, the process can be repeated iteratively until no more data is recovered or rejected. The bulk of recovered data is obtained the second time the 3σ criterion is applied, for succesive steps only one or two data sets are recovered or rejected. These statistical fluctuations can be regarded as a marginal effect provided the range of variation in the fitting parameters is substantially smaller than their final quoted uncertainty. Our final fit meets this requirement.
A final and mutually consistent database with N = 2996| pp + 3717| np data is obtained and the last re-fitting of the parameters is carried out, yielding χ 2 = 3051.64| pp + 3958.08| np while the value of χ 2 /d.o.f. = 1.05 is conserved. Finally the bottom left pannel in Fig. 1 compares both experiments with the last fit, but the differences with the top right pannel are very small since the fitting parameters for the second fit turn out to be very similar to the final ones. Tables II  and III We note that our final database includes both pp and np. However, if we restrict to the np channel as done in Ref. [8] we find that those data close to the boundary of their acceptance/rejection interval are also close to the boundary of our acceptance/rejection interval, as the corresponding data set chi square, χ 2 t , are rather similar. The inclusion or rejection in our case is supported by the pp observables.
TABLE II: pp scattering data sets used in the fit. The first column gives the energy, or energy range, of the experiment in MeV, the notation for the reference and the observable type is adopted from the SAID group [27] . n 1 represents the number of total measurements in the data set, while n 2 is the final number of measurements which can be different from n 1 due to rejection of outliers an the inclusion of normalization data. See alo main text. [25] (blue crosses with error bars) and RA98 [26] (red lines with error bars) to a fit to the complete database (green solid line), to the initial and final consistent databases (yellow dashed and light blue dotted lines) respectively as discussed in the text. Every data point is scaled to the corresponding fit. The bottom-right panel compares the unscaled data with the three fits. 
V. RESULTS
With a consistent database it is posible to properly estimate statistical errors in the potential parameters. In Ref. [11] we give the corresponding partial wave independent fitting parameters which, as explained above, proved more convenient as primary quantities to carry out the fit due to smaller statistical correlations. Here, table VI shows the strength coefficients V i,n and their statistical uncertainties propagated from the experimental data via the usual covariance matrix and applying Appendix A to the results of Ref. [11] . With these parameters and the covariance matrix it is possible to also estimate and propagate statistical error bars for calculations made with the δ -shell potential. For example tables VII, VIII and , IX show pp isovector, np isovector and np isoscalar phaseshifts respectively with statistical errors extracted from experimental data for a few partial waves at different kinetic laboratory frame energy. Comparing our results with the Tables IV and V in [4] we find that for low angular momentum partial waves our estimates for the errors tend to be smaller than the ones obtained by the Nijmegen group in their 1993 PWA, while for higher values of l the Nijmegen errors are smaller.
Deuteron wavefunctions, static properties and form factors can be calculated with the parameters of the 3 S 1 -3 D 1 coupled channel for the bound state and the errors have been propagated. The results have already been shown in our previous work [11] and will not be discussed further here.
VI. CONCLUSIONS AND OUTLOOK
The main problem in analysing the existing np and pp scattering data lies in the large number of experiments in different kinematical regions measuring a variety of observables with different accuracies and a largely heterogenous abundance in the (E LAB , θ ) plane. On the other hand, for a given LAB energy and scattering angle just five complex quantities suffice to describe the scattering amplitude. Therefore the measurement of ten different observables at a given point in this plane would reconstruct the full amplitude up to a global phase. In terms of a partial wave decomposition at a fixed energy one needs about as many angles as partial waves are needed for the scattering amplitude to converge. For the energies listed in the table this gives a total number of points in the (E LAB , θ ) plane much smaller than the number of available data. Unfortunatelly, the experiments were not designed from this point of view, and a rather different non-homogeneous distribution is at our disposal. In addition, there are mutually inconsistent experiments and a proper selection of data must be carried out. We have explored with success an interesting criterion suggested by Gross and Stadler [8] in their covariant spectator theory analysis of np scattering data. This criterion improves with respect to the more customary 3σ -criterion applied since the 1993 benchmarking fit.
The best known way of smoothly interpolating energy values between the experimentally measured ones is to assume a phenomenological potential. Of course, there exist conditions regarding the analytical behaviour of the scattering amplitude and its partial wave contributions which become relevant at sufficiently low energies and depend only on the long distance behaviour of the potential and for the case of OPE corresponds to the appearance of a left hand cut at p 2 CM = −m 2 π /4 in the partial wave amplitudes. In this paper we have used a rather simple phenomenological potential which incorporates indisputable physical effects in their certified domain of applicability and a unknown contribution which summarizes our ignorance of the intermediate and short range parts. Our analysis is consistent with the venerable and CD-OPE contribution above a distance of 3 fm. The simplicity of the potential should not be confused as unrealistic, as by definition our ignorance can be parameterized according to anyone's prejudices. We choose to implement the appealing idea of coarse graining of the interaction, since the shortest distance which can be probed below pion production threshold corresponds to a NN relative de Broglie wavelength resolution of
6fm. This simple scale consideration along with the role of the centrifugal barrier allows to foresee the number of needed fitting parameters for the intermediate range part [10, 11, 15] which turns out to be on the order of TABLE VI. Delta-shell potential parameters V i,n (in fm −1 ) with their errors for all operators. This parameters are not the fitting parameters and are obtained from the 46 independent partial waves (λ i ) JS l,l ′ (see Appendix A). We take N = 5 equidistant points with ∆r = 0.6fm. Rows marked with * indicates that the corresponding strengths coefficients are not independent or zero. In the first line we provide the central component of the delta shells corresponding to the EM effects below r c = 3fm. These parameters remain fixed within the fitting process. the actual number of parameters. A successful fit to pp and np scattering data bellow pion production threshold was achieved using a δ -shell representation for the short and intermadiate range part of the nucleonnucleon interaction; the long range part was described by charge dependent OPE and EM interactions.
A partial wave decomposition of the potential allowed to incorporate charge dependence in the 1 S 0 parameters while the rest of the parameters are charge independent. A comprehensive and ready-to-use review of the necessary theory to compute the full on-shell electromagnetic scattering amplitude was made. This includes every single EM contribution, as well as the energy dependent parameter α ′ and, as already found out in the previous high quality analysis, turns out to be crucial for the correct description of pp and np scattering observables. The 3σ criterion was used iteratively to obtain a fully consistent database with N data = 6713 including normalization data. The complete data selection process described here allowed to recover a total of 300 data that a single application of the 3σ criterion would instead have rejected. The fitting parameters, their uncertainties and correlations were determined from the final and mutually consistent database. As mentioned in the main text we use an operator basis extending the AV18 potentials in coordinate space. We use the following definitions
Thus, the total potential in the operator basis reads
Here, the first fourteen operators are the same chargeindependent ones used in the Argonne v 14 
These terms are charge dependent and are labeled as T , σ T ,tT , σ τz, l2T and l2σ T .
Since we use the low angular momentum partial wave strength coefficients as fitting parameters we need a transformation to construct the complete potential and extract the high angular momentum partial wave parameters from the latter. The high angular momentum partial waves up to J = 20 are important to calculate the strong on-shell scattering amplitude. The transformation from the operator basis to partial waves is direct and is given by where the tT , τz and σ τz are not included since in our analysis the contribution of these operators is set to zero. Evaluation of equation (A6) The two body scattering amplitued M can be constructed directly using the phaseshift for every partial wave. To calculate such phaseshifts it is necessary to integrate the corresponding Schrödinger equation. In the case of uncoupled partial waves (l = l ′ = J) the potential is central and the reduced equation reads 
Also should be pointed out that the differential equations in (B19) are uncoupled and therefore the solutions can be expressed again as a linear combination of the reduced spherical bessel functions. With this in mind we write 
The α and β asymptotic wave functions can be formed as linear combinations of both solutions for distances greater than the last concentration radius r N , i.e. 
where we have defined α ≡ α 2 /α 1 . The first equation has two solutions on α, one corresponds to the α-state eigen-phase shift and the other to the β one. The second equation can be used unambiguously to obtain the mixing angle ε J .
Matching the equations of Eq. (B22) with the ones in (B23) we can get 
where the 1 and 2 indices have been suppressed for simplicity. Finally, the relations in Eq. (B27) can be used with the boundary conditions of (B26) to calculate the constants {A, B,C, D} 1(2) ,N and ultimately use them together with (B25) to get the Eigen-phase shifts for the coupled channels with orbital angular momentum l = J ± 1.
Appendix C: Numerical details
As already noted in our previous works, the δ -shell representation is just a method to solve Schrödinger's equation. Thus it can also be used to integrate the long range part of the interaction such as OPE. The only difference is that for pp the free particle wave functions are replaced by both regular and irregular Coulomb wave functions. Some caution is needed handling the boundary r i = r c since Coulomb wave functions from the r > r c region must match the free particle wave functions for r < r c . In this case the δ -shell coefficients are fixed to the long range potential value, i.e. V i ≡ V (r i ), and are no longer fitting parameters. Therefore, the accuracy of the integration depends on the number of sampling points for r > r c . According to our discussion in Refs. [10, 11, 15] Nyquist optimal sampling theorem suggests keeping ∆r = 0.6fm throughout. For OPE it is sufficient to take N ∼ 20. As a final remark, note that the question of accuracy in the unknown region never arises, i.e. there is no point in improving beyond the ∆r ∼ 1/p max resolution for a maximum CM momentum p max which in our case is given by pion production threshold.
